. Fourth, the transducvated conductance was nearly linear, with a reversal potential of 1.7 Ϯ 2.4 mV ( Figure 1C , n ϭ 6). An outward tion channels are directly activated by arachidonic acid, a polyunsaturated fatty acid (PUFA) that, in living cells, current was also measurable when Cs ϩ or Ca 2ϩ was the only intracellular cation (Figures 1D and 1E ). SAGis synthesized from DAG by a DAG lipase or from phospholipids by phospholipase A 2 (Spehr et al., 2002). induced outward currents were abolished when all intracellular cations were replaced with N-methyl-D-glucaTo resolve this matter and to define the nature of the signal transduction mechanism in the VNO, we set out mine (NMDG ϩ ) ( Figure 1F ). We investigated relative ionic permeability by determining reversal potentials under to identify and characterize the native ion channels that are encoded by TRPC2. We now report the identification bi-ionic conditions (Lewis, 1979) with Na ϩ as the sole cation in the pipette solution. The relative permeabilities of a novel DAG-gated cation channel in wild-type mouse VSNs and that ablation of the TRPC2 gene causes a P Ca /P Na and P Cs /P Na were 2.7 Ϯ 0.7 (n ϭ 3) and 1.5 Ϯ 0.3 (n ϭ 5), respectively. Thus, SAG activates a nonselective severe deficit in this channel. We characterize the conductance induced by natural pheromones in intact, voltcation conductance that is permeable for Na We cannot yet determine whether these patches drites of mouse VSNs. Importantly, this channel shows are from the microvilli or dendritic knob or both. Characnone of the hallmarks of store depletion-activated cateristic channel activity recorded from these patches is pacitative Ca 2ϩ entry channels (Parekh and Penner, shown in Figure 1B (holding potential, Ϫ80 mV; see also 1997; Lewis, 1999), such as high Ca 2ϩ selectivity, low Figure 2 ). Control recordings obtained in symmetrical unitary conductance, or inward rectification. divalent cation-free solutions with Na ϩ as the sole cation showed no or very infrequent brief channel openings.
To test whether a conductance exists in these patches
Ligand Specificity Next, we investigated the ligand specificity of this chanthat is controlled by products of PLC activity, we first explored a potential role of DAG, one of the two second nel by comparing the effectiveness of SAG with two other DAG analogs: 1-oleoyl-2-acetyl-sn-glycerol (OAG) messengers generated by PLC. Addition of the endogenous DAG analog 1-stearoyl-2-arachidonoyl-sn-glycand 1,2-dioctanoyl-sn-glycerol (DOG, 100 M each). Each of these analogs produced a robust increase in erol (SAG, 100 M) to the bathing medium (i.e., the cytosolic membrane face of the patch) produced an channel activity in inside-out patches (Figures 3A and 3B), with DOG being somewhat less effective than SAG unanticipated increase in channel activity giving rise to a sustained inward current ( Figure 1B ). This effect was or OAG (SAG: I mean ϭ Ϫ36 Ϯ 52 pA, n ϭ 16; OAG: I mean ϭ Ϫ43 Ϯ 7 pA, n ϭ 4; DOG: I mean ϭ Ϫ17 Ϯ 13 pA, accompanied by an increased noise level that reflects fluctuations in the activity of single channels. The presn ϭ 12). The monoacylglycerol 1-oleoyl-glycerol (OG, 100 M) did not evoke channel openings, demonstrating ence of ATP, GTP, Ca 2ϩ , or Mg 2ϩ in the bath was not required for activation of this current. The current could the specificity of channel activation ( Figure 3C , n ϭ 3). We also examined the effect of the second product of not be activated by Ca 2ϩ alone (without added SAG), indicating that the underlying channels must be different PLC activity, Ins(1,4,5)P 3 . However, in no case did we 5G ; n ϭ 12). size of the urine-evoked current ranged from Ϫ5 to Ϫ50 pA, similar to that evoked by low micromolar concentraOn the basis of these findings, we conclude that the DAG-gated channel reported here is the primary contions of SAG ( Figure 4I) . Second, the I-V relationships for both the SAGductance pathway in the chemoelectrical transduction machinery of mouse VSNs. induced current ( Figure 4G ) and the urine-evoked current ( Figure 5C ) were virtually identical; they were both nearly linear and showed a reversal close to 0 mV (SAG:
Activation of the Pheromone Conductance Does Not Depend on Arachidonic Acid, PUFAs, V rev ϭ Ϫ3.1 Ϯ 6.1 mV, n ϭ 32; DU: V rev ϭ Ϫ4.0 Ϯ 6.5 mV, n ϭ 9).
Ins(1,4,5)P 3 , or Store Depletion TRP channels responsible for Drosophila phototransThird, changing the ionic composition in the bath altered both currents in an identical manner; like the SAGduction are activated by a variety of lipid messengers, including arachidonic acid and its downstream metaboinduced current, the urine-evoked current was abol-evoked sensory current, whereas an inactive structural analog, U-73343 (10 M), had no measurable effect on this response, in accord with previous studies using action potential recordings (Inamura et al., 1997a; Holy et al., 2000). These findings provide further evidence that the pheromone-induced current recorded here is indeed responsible for the increase in stimulus-induced action potential firing. If arachidonic acid is involved in activation of this current, one would expect it to be synthesized either from phospholipids by phospholipase A 2 or from DAG by DAG lipase. However, neither isotetrandrine (10 M, n ϭ 3), an antagonist of phospolipase A 2 , nor RHC-80267 (50 M, n ϭ 7), an inhibitor of DAG lipase, blocked the sensory current ( Figures 6A  and 6B) . Furthermore, two antagonists of enzymes that metabolize arachidonic acid, the cyclooxygenase inhibitor indomethacine (50 M, n ϭ 3) and the lipoxygenase inhibitor nordihydroguaiaretic acid (100 or 500 M, n ϭ 9), did not evoke noticeable currents (data not shown). We conclude, therefore, that activation of the sensory current does not depend critically on the production of arachidonic acid or its downstream metabolites. We also tested whether phosphatidylinositol 3-kinase is involved in activation of the sensory response; however, LY- brane current ( Figure 6C ). In contrast, dialysis of 20 M SAG produced an inward current that was fully active after only Ϸ100 ms following patch rupture (n ϭ 4) (Figlites (Chyb et al., 1999 6D and 6E) . The delay between nously produced DAG or arachidonic acid, we used patch rupture and initiation of this current typically pharmacological inhibitors of enzymes participating in ranged from 4 to 10 min. We found that this current phospholipid and phosphatidylinositide second mescould be mimicked by application of the Ca 2ϩ -ATPase senger cascades (Figures 6A and 6B) . We found that an inhibitor thapsigargin (1 M, n ϭ 3) ( Figure 6F ), a procedure that induces store-dependent Ca 2ϩ mobilization, inhibitor of PLC, U-73122 (10 M), blocks the urine- -dependence, and the novel block by 2-APB. We we demonstrate that the channel, within its native cellualso demonstrate that activation of the pheromonelar environment, is not activated by treatments that inevoked conductance depends critically on phospholiduce Ca 2ϩ store depletion. We conclude, therefore, that pase C but not on phospholipase A 2 or DAG lipase, the DAG-gated channel is not primarily a store-operruling out an essential role for arachidonic acid and ated channel.
other PUFAs in the primary transduction mechanism. A key result of the present study is the demonstration As further evidence for endogenous DAG formation, we that targeted ablation of an essential component of VNO demonstrate that DAG kinase mediates an enzymatic transduction, the TRPC2 gene ( Finally, it is important to note that our findings may Although this was indeed the case, we found that the have implications beyond the sense of smell in that they arachidonic acid-evoked conductance, unlike the pherprovide a general mechanism by which PLC signaling omone conductance, was not inhibited by 2-ABP ( 
